Introduction
============

C--(pseudo)halide bond carboxylation that allows the reductive coupling of organic (pseudo)halides and CO~2~ is of pivotal importance from the viewpoint of preparation of structurally diversified carboxylic acids as well as CO~2~ incorporation.[@cit1] After the pioneering studies of Yamamoto, various catalytic carboxylation procedures for the C--X bond, such as I, Br, Cl and OTf, have been well established, thus enabling smooth incorporation of CO~2~ into important chemical architectures ([Scheme 1A](#sch1){ref-type="fig"}).[@cit2] Despite the impressive chemical yields and selectivity achieved in these systems, catalytic C--F bond carboxylation has been largely underdeveloped, primarily because of the lack of an efficient protocol to effect the essential C--F bond scission.[@cit3] In view of the growing demand for fluorinated carboxylic acids and their derivatives in medicinal chemistry and materials science,[@cit4] the development of selective C--F bond carboxylation is especially appealing owing to the strategic advantage of utilizing the easily available and less expensive polyfluoro organic building blocks.[@cit5]

![Rational design of catalytic C--F bond carboxylation. (A) Classical catalytic C--X bond carboxylation. (B) Recent development in photoredox enabled C(sp^2^)--F bond activation. (C) Established synthetic methods for a-fluoroacrylic acid/ester. (D) Our photoredox/Pd catalyzed C--F carboxylation of gem-difluoroalkenes.](c9sc01336a-s1){#sch1}

Existing methods for C--(pseudo)halide bond carboxylation mostly rely on oxidative addition to low-valence transition-metals to generate an organometallic intermediate which is capable of undergoing carboxylation under a CO~2~ atmosphere. For example, the Tsuji and Fujihara group[@cit6] and the Martin group[@cit7] have developed a series of protocols based on Ni-catalysis with Mn as the reducing agent. Very recently, the Iwasawa group also reported an exciting breakthrough in this field, wherein the employed tertiary amine acted as the reductant under photoredox conditions to reduce the high-valence palladium intermediate, thus guaranteeing the whole catalytic cycle.[@cit8] This was subsequently followed by König\'s photoredox/Ni dual catalysis enabled carboxylation of arylbromide/triflate, wherein Hantzsch ester is used as the terminal reductant.[@cit9] Although these methods are highly effective for C--(pseudo)halide carboxylation, extension to C--F analogs has proven extremely challenging because C--F bonds are far more stable than the heavier congeners and thus recalcitrant to undergo the imperative oxidative addition process.[@cit3a] Notably, most of the currently available carboxylation reactions for C--F bond activation depend on the use of stoichiometric amounts of alkaline(earth) metals.[@cit10] During the last several years, the photoredox catalysis has been recognized as an effective strategy for C--F bond activation through a single electron transfer process.[@cit11] For instance, the Weaver laboratory has reported a number of photoredox catalyzed reactions that provide single C--F bond alkylation/alkenylation/arylation products from polyfluoroarenes.[@cit11a]--[@cit11f] Furthermore, the Hashmi group developed selective defluorinative α-aminoalkylation of *gem*-difluoroalkenes ([Scheme 1B](#sch1){ref-type="fig"}).[@cit11g] While this activation mode has been employed in the context of radical coupling reactions, reports on the interception of these fluorine-containing carbon radicals by transition-metals to form versatile organometallic species are still scarce. Given that photoredox/transition-metal dual catalysis has emerged as a powerful strategy in synthetic chemistry,[@cit12] we envisioned the possibility of merging C-centered radical formation by photoinduced C--F bond activation with transition-metal catalyzed carboxylation. Also of note is that amines could serve as potential reductants for the regeneration of active transition-metal catalysts under photoredox catalysis, enabling mild and user-friendly reaction conditions. With our continuing interest in synthetic elaboration of *gem*-difluoroalkenes,[@cit13] we would like to report herein that these molecules can be smoothly coupled with the notoriously inert electrophile CO~2~ by photoredox/Pd dual catalysis, thereby establishing a conceptually new and direct C--F carboxylation for the straightforward access to a broad array of structurally privileged α-fluoroacrylic acids distinct from the existing methods ([Scheme 1C and D](#sch1){ref-type="fig"}).[@cit14]

Results and discussion
======================

We initially explored the C--F bond carboxylation of biphenyl substituted *gem*-difluoroalkene **1a** with an Ir-based photocatalyst and different co-catalysts under the irradiation of blue LEDs (*λ* = 459 nm), with DIPEA and Cs~2~CO~3~ as the terminal reductant and base, respectively ([Table 1](#tab1){ref-type="table"}). Although nickel proved to be a very effective catalyst for the C--C coupling in combination with photocatalysts,[@cit15] it failed to provide the desired product in this specific case. Replacing nickel with cobalt was also unproductive (entry 2).[@cit16] To our delight, with Pd(PPh~3~)~4~ as the co-catalyst the defluorinative carboxylation of **1a** proceeded to give the desired product **2a** in 72% yield and the ratio of *Z* and *E*-isomers was determined to be 90 : 10 by NMR spectroscopy (entry 3).[@cit17],[@cit18] Further screening of photocatalysts proved PC 1 as the optimal choice (entries 3 to 7). Encouragingly, with the combination of PdCl~2~ and PPh~3~, the desired carboxylation occurred smoothly, giving the product in an improved yield (87%, entry 8). Subsequently, phosphine ligands were examined, however, only diminished yields were obtained (entries 9 to 11). Interestingly, in the absence of any ligand, PdCl~2~ and even Pd/C could afford the desired product, albeit in lower yields (Table S4,[†](#fn1){ref-type="fn"} entries 13 and 14).[@cit19] Conducting the reaction for a prolonged reaction time resulted in full conversion, delivering **2a** in higher yield (entry 12). To our surprise, the defluorinative aminoalkylation of **1a** was not observed when Et~3~N was employed instead of ^i^Pr~2~NEt, although it is a competent substrate in Hashmi\'s work (entry 13).[@cit11e] In contrast, *N*,*N*-dimethylaniline led to 40% (*Z*/*E* = 81 : 19) of defluoroaminoalkylation product, while the carboxylation product was only formed in 11% yield (entry 14). This result indicated the intermediacy of transient fluorovinyl radical species, presumably *via* SET reduction of *gem*-difluoroalkenes under the present photocatalysis reaction conditions. Considering that the palladium/phosphine complex has been frequently demonstrated as an effective single electron donor under photo-irradiation,[@cit20] the exact role of the Ir-photocatalyst in this reaction was examined. However, omitting the iridium complex shuts down the reaction completely. Moreover, visible-light-driven metal-free carboxylation of alkenes through either radical--radical coupling[@cit21] or radical-polar crossover scenario was reported.[@cit22] Control experiments in the absence of either the Pd-catalyst or light irradiation unequivocally supported the vital importance of both parameters for the success of this transformation (Table S10[†](#fn1){ref-type="fn"}).

###### Optimization of the reaction conditions[^*a*^](#tab1fna){ref-type="fn"}

  ![](c9sc01336a-u1.jpg){#ugr1}                                                                                                            
  ------------------------------------------ --------------------- ----------------------- ----------------------------------------------- ---------
  1                                          NiBr~2~/bipyridyl     PC 1                    Trace                                           ---
  2                                          CoCl~2~/neocuproine   PC 1                    Trace                                           ---
  3                                          Pd(PPh~3~)~4~/none    PC 1                    71                                              90/10
  4                                          Pd(PPh~3~)~4~/none    PC 2                    48                                              88 : 12
  5                                          Pd(PPh~3~)~4~/none    PC 3                    11                                              82 : 18
  6                                          Pd(PPh~3~)~4~/none    PC 4                    65                                              86 : 14
  7                                          Pd(PPh~3~)~4~/none    PC 5 *fac*-Ir(ppy)~3~   0                                               ---
  8                                          PdCl~2~/PPh~3~        PC 1                    87                                              92 : 8
  9                                          PdCl~2~/PCy~3~        PC 1                    58                                              93 : 7
  10                                         PdCl~2~/Xphos         PC 1                    63                                              92 : 8
  11                                         PdCl~2~/Xantphos      PC 1                    52                                              86 : 14
  12[^*b*^](#tab1fnb){ref-type="table-fn"}   PdCl~2~/PPh~3~        PC 1                    100(97)[^*c*^](#tab1fnc){ref-type="table-fn"}   92 : 8
  13[^*d*^](#tab1fnd){ref-type="table-fn"}   PdCl~2~/PPh~3~        PC 1                    74                                              92 : 8
  14[^*e*^](#tab1fne){ref-type="table-fn"}   PdCl~2~/PPh~3~        PC 1                    11                                              73 : 27

^*a*^Unless otherwise noted, the reactions were carried out with 0.2 mmol scale.

^*b*^The reaction was run for 48 h.

^*c*^The isolated yield of corresponding methyl ester is indicated in the parentheses.

^*d*^Et~3~N was used instead of ^i^Pr~2~NEt.

^*e*^Me~2~NPh was used instead of ^i^Pr~2~NEt.

With the optimal conditions in hand, we subsequently investigated the generality of the present C--F carboxylation reaction ([Scheme 2](#sch2){ref-type="fig"}). Initially, various biaryl motifs were studied (**2b--e**). For substrates with electron-donating groups on the biphenyl backbone, the reaction tends to afford the desired product with decreased yield (**2b**). We surmise that this consequence may be ascribed to the relatively low reduction potential of the corresponding fluorovinyl radical intermediate, which in turn resulted in an attenuated interaction with either the Pd-catalyst or photocatalyst for the subsequent carboxylation process. By contrast, the electron-withdrawing group (OCF~3~) worked well in this reaction and furnished the product **2c** in high yield, suggesting that an electron-deficient substrate may be preferred in this reaction. Extending the conjugation of the biaryl structure led to good yield and excellent stereoselectivity (**2d**). Replacing the biphenyl group with a relatively electron-rich heteroaryl-phenyl scaffold resulted in a significant decline in the reaction efficiency (**2e**) which is consistent with the aforementioned substitution effect. Furthermore, substrates possessing fused aromatics including naphthyl (**2f** and **2g**), dibenzofuran (**2h**), benzothiophene (**2i**) and indole (**2j**) were all competent in this reaction, producing carboxylic acids in moderate to good yields. Remarkably, the nice compatibility of heterocyclic substrates underpins the synthetic potential of this methodology in the modification of complex molecules. Next, substrates bearing a single aromatic ring were examined. Specifically, a range of electron-withdrawing groups, such as fluoride, trifluoromethyl, amide, sulfone, ester and cyanide were all accommodated, leading to the formation of carboxylic acids (**2k--r**) in moderate to good yields. Importantly, in the case of using a substrate with a fluoroaryl motif, the reaction occurred uneventfully with Ar--F remaining intact (**2k**). It\'s worth mentioning that alkyldifluoroalkenes failed to couple with carbon dioxide, indicating the essentiality of aromatic conjugation for the carboxylation reaction (see ESI[†](#fn1){ref-type="fn"}). Pleasingly, *gem*-difluoroalkenes containing two substituents were amenable in the current transformation, albeit requiring a prolonged reaction time. A variety of functional groups are tolerated, such as long carbon chain (**2t**), alkene (**2u**), ether (**2v**), and carbamate (**2x**).

![Substrate scope. See ESI[†](#fn1){ref-type="fn"} for experimental details. Isolated yields are indicated.](c9sc01336a-s2){#sch2}

Having demonstrated the scope of *gem*-difluoroalkenes for carboxylation, the relevant carbonyl electrophiles were also examined. Aromatic ketones were found to be amenable in the reaction, however, a defluorinative alkenylation product derived from further dehydration was obtained ([Scheme 3](#sch3){ref-type="fig"}, see Fig. S2[†](#fn1){ref-type="fn"} for the proposed mechanism). Interestingly, arylbromide was tolerated under the current conditions, implying a reaction pathway distinct from Iwasawa\'s Ar--Br/Cl carboxylation.[@cit8]

![Addition to aromatic ketones.](c9sc01336a-s3){#sch3}

To gain more insight with respect to the reaction mechanism, a set of control experiments were implemented, including the attempt with 1-bromo-1-fluoro-difluoroalkene ([Scheme 4a](#sch4){ref-type="fig"}) and reactions with a radical scavenger ([Scheme 4b](#sch4){ref-type="fig"}). As expected, the C--Br carboxylation did not occur with 1.0 equiv. of Pd(PPh~3~)~4~, suggesting that the traditional two-electron oxidative addition may not operate in the present catalytic system. Moreover, either adding TEMPO or BHT suppressed the reaction, indicating that a radical intermediate is involved in the catalytic cycle. The engagement of a fluoroalkenyl radical intermediate was further substantiated by the formation of hydrodefluorination product **5a** with Hantzsch ester as the hydrogen donor ([Scheme 4c](#sch4){ref-type="fig"}). However, a markedly discrepant stereoselectivity was obtained, which implicates the configurational lability of the fluoroalkenyl radical intermediate and the different kinetic reactivity profile of such radical species compared with that of the fluoroalkenyl palladium intermediate.[@cit23] In order to exclude the carbanion-associated pathway, we performed the reaction in the presence of D~2~O under a nitrogen atmosphere ([Scheme 4d](#sch4){ref-type="fig"}). As expected, no deuterated product **D~1~-5a** was detected, thus ruling out the possibility of carboxylation occurring with the fluorovinyl carbanion intermediate. Additionally, the reduction potential of **1a** was measured (*E*red1/2 = --0.67 V *vs.* SCE), showing that the reduced form of PC 1 (*E*~1/2~\[Ir^III^/Ir^II^\] = --1.37 V *vs.* SCE)[@cit24] could serve as the operative reductant for the single electron reduction of **1a** (see ESI[†](#fn1){ref-type="fn"} for details). This result is also in accordance with Hashmi\'s report,[@cit11g] hence tending to support the photoinduced C--F activation hypothesis.

![Control experiments.](c9sc01336a-s4){#sch4}

Based on the experimental results and previous reports, a working model that accounts for the selective C--F carboxylation of *gem*-difluoroalkenes is tentatively proposed ([Scheme 5](#sch5){ref-type="fig"}). Single electron reduction of *gem*-difluoroalkenes with PC 1, which is generated *via* reductive quenching of excited PC\* by ^i^Pr~2~NEt, occurs to generate fluoroalkenyl radical **A**. Further capture of the fluoroalkenyl radical by Pd(0) complex **B** produces a putative Pd([i]{.smallcaps}) intermediate **C**, which subsequently undergoes CO~2~ coordination and migratory insertion to afford the carboxyl-Pd([i]{.smallcaps}) complex **E**. The formation of carboxylate **2** arises from SET between PC\* and **E**, whereby Pd(0) is regenerated as well.[@cit25] With regard to the *Z*/*E* selectivity, we speculate that under these metallaphotoredox conditions the combination of the fluorovinyl radical with the Pd-catalyst is a reversible process, thus enabling a facile interconversion of *Z*- and *E*-fluoroalkenyl-Pd, and it is the kinetically more favored carboxylation with *E*-fluoroalkenyl-Pd that ultimately leads to the observed stereoselectivity.

![Mechanistic proposal.](c9sc01336a-s5){#sch5}

Conclusions
===========

Through the photoredox/Pd dual catalysis, an efficient and selective C--F bond carboxylation of *gem*-difluoroalkenes was achieved. The methodology represents a rare example of catalytic C--F bond carboxylation as well as unprecedented reactivity of *gem*-difluoroalkenes to provide diverse classes of α-fluoroacrylic acids and 2-fluoro-1,3-diene derivatives, which are difficult to access using existing protocols. This method expands the boundaries for carboxylation of organic (pseudo)halides, allowing the carboxylation reaction to proceed at the inherently inert C--F site. We envision that by using a similar dual catalysis strategy the carboxylation of otherwise challenging substrates could be achieved successfully.
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